INTRODUCTION
Aldehyde dehydrogenases constitute a large family of NAD(P) + -dependent enzymes found in both prokaryotes and eukaryotes. The enzyme catalyses the dehydrogenation of aldehydes via the formation of a thiohemiacetal covalent intermediate with the aldehyde substrate. Although a few enzymes can use both NADP + and NAD + , aldehyde dehydrogenase from the bioluminescent bacterium, Vibrio har eyi, shows a strong preference for NADP + with a K m over 150-fold lower for NADP + than for NAD + [1] .
In mammalian systems, three classes of aldehyde dehydrogenase have been identified on the basis of amino acid sequence and localization : class 1 (ALDH1), cytosolic ; class 2 (ALDH2), mitochondrial ; and class 3 (ALDH3), tumour-associated [2] . Variation in the quaternary structure has been observed between the different classes of the enzyme : the class-1 and -2 enzymes exist as homotetramers of 50-55 kDa subunits whereas the class-3 form is a homodimer [3] . A few of these enzymes, particularly the class-3 subfamily, have been shown to exhibit a relatively weak interaction with the NADP + cofactor (K m values of 60 µM [2] ). Two NADP + -specific forms of aldehyde dehydrogenase have been identified : one from Streptococcus mutans and one from V. har eyi. In the case of the V. har eyi enzyme not only is a preference for NADP + observed but the affinity of the enzyme for the cofactor is unusually high. Byers and Meighen have reported a K m of 1.4 µM for NADP + with saturating dodecanal [1] , whereas the NADP + -specific S. mutans enzyme has a K m of 24.5 µM for the cofactor [4] .
The amino acid sequences of a large number of aldehyde dehydrogenases have been characterized with only 23 invariant Abbreviations used : ADPP, adenine, ribose and pyrophosphate portion ; ALDH1, class-1 cytosolic aldehyde dehydrogenase ; ALDH2, class-2 mitochondrial ALDH ; ALDH3, class-3 tumour-associated ALDH ; ALDH9, betaine ALDH ; MAD, multiple wavelength anomalous dispersion ; NCS, noncrystallographic symmetry. 1 These authors are members of the collaborative group known as the Montreal Joint Center for Structural Biology. 2 To whom correspondence should be addressed (e-mail alice.vrielink!bri.nrc.ca).
the 2h-phosphate groups of the adenosine ribose moiety of NAD + or NADP + , respectively. In the NADP + -dependent structures the presence of a threonine and a lysine contribute to the cofactor specificity. In the V. har eyi enzyme an arginine residue (Arg-210) contributes to the high cofactor affinity through a pi stacking interaction with the adenine ring system of the cofactor.
Further differences between the V. har eyi enzyme and other aldehyde dehydrogenases are seen in the active site, in particular a histidine residue which is structurally conserved with phosphorylating glyceraldehyde-3-phosphate dehydrogenase. This may suggest an alternative mechanism for activation of the reactive cysteine residue for nucleophilic attack.
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amino acid residues [5] . Although the sequence similarity of the enzyme from V. har eyi with other aldehyde dehydrogenases is low (18.5-22.5 % identity, with only 19 of the 23 reported invariant residues present [6] ), the V. har eyi enzyme appears to be most closely related to the class-3 mammalian enzyme. This similarity is consistent with the observed dimeric structure of the V. har eyi enzyme as well as the kinetic properties and substrate specificities. Both enzymes exhibit higher V max \K m values for increasing aldehyde chain length, suggesting the existence of a hydrophobic pocket at the active site that selects for longer-chain aldehydes [7] [8] [9] . Among the invariant amino acids there is only one conserved cysteine residue : Cys-302 from the class-1 and -2 mammalian enzymes, Cys-243 from the class-3 enzyme and Cys-289 in the enzyme from V. har eyi. This residue is considered to be the most likely candidate for formation of the thiohemiacetal covalent intermediate with aldehyde in the active site of the enzyme [5, 6, 10, 11] . Mutagenesis of this residue in V. har eyi to a serine results in a significant decrease in activity, without preventing coenzyme binding [6] . Aside from this cysteine residue two conserved glutamic acid residues (Glu-253 and Glu-377 in aldehyde dehydrogenase from V. har eyi) are invariant. Glu-253 has been implicated in acting as a general base in activation of the cysteine nucleophile for both the class-2 and the V. har eyi enzymes [11, 12] . Mutations of Glu-377 have led to the suggestion that this residue is involved in the hydride-transfer step [12] . In an attempt to identify residues important for cofactor interaction we have carried out mutagenesis and binding studies of the conserved GXXXXG fingerprint region (residues 229-234) in V. har eyi [13] . These studies have shown that the last glycine in the fingerprint (Gly-234) is not absolutely critical for nucleotide binding, whereas mutation of the first glycine (Gly-229) to alanine resulted in a decreased binding of both NAD + and NADP + .
Crystal structures have been determined for a number of NAD + -specific forms of aldehyde dehydrogenase [14] [15] [16] [17] [18] as well as an NADP + -specific form of the enzyme from S. mutans [19] . In this paper we report the structure of the NADP + -specific aldehyde dehydrogenase from V. har eyi. Structural comparisons between the NAD + -and NADP + -specific forms enable a detailed molecular comparison to be made and will provide information on the requirements that dictate cofactor specificity.
EXPERIMENTAL Crystallization
Aldehyde dehydrogenase from V. har eyi was expressed and purified as outlined by Meighen and coworkers [6] . The protein was dialysed into 25 mM Hepes, pH 7.0\10 mM β-mercaptoethanol in order to remove the NADP + cofactor from the enzyme. The partially bound NADP + -enzyme complex was crystallized as described previously [20] . Crystals for the ' holo ' enzyme were obtained by adding 1.0 mM NADP + to the enzyme preparation. The complex was crystallized using the same procedure as for the partially bound complex. Crystals for both complexes belong to the monoclinic space group P2 "
with cell parameters of a l 79.4 A / , b l 131.2 A / , c l 92.5 A / and β l 92.5 m. The asymmetric unit contains four molecules. All data collection was carried out on crystals that were briefly soaked in 12 % glycerol and then transferred to a stream of nitrogen at 80 K generated by an ADSC (Area Detector Systems Corporation) Low Temperature Crystal cooling system.
Structure solution and refinement
The partially bound complex crystal structure was solved by a combination of multiple isomorphous replacement and multiple wavelength anomalous diffraction (MAD) using a mutant of the enzyme in which the methionine residues were replaced with selenomethionine. The heavy-atom derivative data and the native data were collected using an imaging plate detector (MAR Research) mounted on a Rigaku RU-200 rotating-anode X-ray generator with a double-focusing mirror system (Supper). MAD data at three wavelengths were collected on a single selenomethionyl mutant crystal at beamline X12C (National Synchrotron Light Source, Brookhaven National Laboratory, New York, NY, U.S.A.) using a Brandeis CCD (charge-coupled device) area detector. The data for the fully occupied complex were collected at beamline X8C using a MAR image plate detector. The datacollection statistics are given in Table 1 . The images collected for all data sets were processed and scaled using the HKL suite of software [21, 22] . Further data analysis and heavy-atom refinement was carried out using the CCP4 suite of software [23] .
Data collected on a crystal soaked in a solution of mother liquor containing 0.05 mM mercuric acetate for 2.5 h produced a strongly isomorphous derivative with four mercury positions in the asymmetric unit. A second heavy-atom derivative was identified from difference Fourier maps on data from a crystal soaked in mother liquor containing 1 mM K # PtCl % . A third heavy-atom derivative was found using 1 mM parachloromercuribenzenesulphonic acid resulting in different heavyatom occupancies from those of the mercuric acetate derivative. In addition, a selenomethionine mutant of the enzyme was expressed in the Met − strain using the procedure described by Hendrickson et al. [24] . Purification and crystallization of the mutant were carried out using the identical protocols to the native protein. The phases obtained from the heavy-atom derivatives were used to calculate anomalous and dispersive Fourier maps from which 23 of the expected 28 selenium positions could be located in the asymmetric unit. The refinement of the selenium as well as the mercury and platinum positions was carried out using the program MLPHARE treating the MAD data as a special case of multiple isomorphous replacement according the procedure outlined by Ramakrishnan and Biou [25] . The phases were optimized further by solvent flattening and histogram matching using the program DM, with a solvent content of 40 %. The non-crystallographic symmetry (NCS) matrices relating the four protomers in the asymmetric unit were determined using the heavy-atom and selenium positions within each protomer. A mask was built around a single protomer using the bones atoms in the program O [26] and 4-fold averaging performed with the RAVE software [27, 28] . The electron-density map was clearly interpretable and enabled an initial model of 411 of the total 510 residues within a single protomer to be built using the program O [26] and refined with the program CNS [29] .
Crystallographic refinement to 2.5-A / resolution was carried out using the inflection point data of the selenomethionine mutant for the partially occupied complex. SIGMAA-weighted maps calculated with coefficients 3Fo-2Fc and Fo-Fc were used for model rebuilds. As the refinement progressed, the adenine, ribose and pyrophosphate portion (ADPP) of the ligand became apparent in the electron-density map despite the fact that the protein had been dialysed prior to crystallization to remove the cofactor. In order to determine the occupancy of the cofactor in the enzyme we analysed for the presence of NADP + in protein that had been dialysed against buffer to remove the cofactor, in a fashion similar to the treatment of the enzyme prior to crystallization. These studies showed that after dialysis of the enzyme for 2-3 days approx. 50 % of the nucleotide-binding sites contain NADP + ($ 1.0 mol\dimer ; E. Meighen, unpublished work). On this basis, the occupancy of the ADPP was set to 0.5 during crystallographic refinement.
Initially constrained NCS symmetry was imposed during the refinement ; however, in the later stages the NCS weights were set to 300 for all protein atoms and removed completely for regions of the structure involved in crystal contacts. NCS restraints were applied to the temperature factors during the refinement. Crossvalidation was carried out at all stages of the refinement and bulk solvent corrections were included in the final cycles. The final model includes residues 5-508 for one protomer within the asymmetric unit and residues 7-508 for the remaining three protomers. In addition, the final model for the tetramer includes 413 water molecules and one ADPP of the NADP + ligand for each protomer.
The refined co-ordinates for the 2.5-A / partially occupied structure were used for the initial model of the fully occupied complex. Refinement was carried out to 2.1-A / resolution with NCS restraints on positional parameters and temperature factors. The weights imposed for NCS restraints were 200 for main-chain atoms and 100 for side-chain atoms. Flexible loop regions of the structure were refined with the NCS weight set to 25. The model rebuilds were carried out using a 4-fold averaged electron-density map. After the first cycle of refinement the full NADP + ligand was included in the model at full occupancy. The temperature factors for the nicotinimide and ribose moieties, however, are large indicating that there is significant conformational mobility for this region of the cofactor. This observation is consistent with previously determined structures of aldehyde dehydrogenases, all of which show poorly defined electron density for the nicotinamide and ribose moieties and supports the suggestion Table 2 . The qualities of the structures were evaluated using the program package PROCHECK [30] and revealed no residues in the disallowed regions of the phi\psi plot. The co-ordinates have been deposited in the Protein Data Bank [31] with the accession number 1eyy for the partially occupied complex and 1ez0 for the fully occupied complex.
RESULTS

Structure description
The V. har eyi structure comprises four identical protein protomers per asymmetric unit related by three non-crystallographic 2-fold symmetry axes. The protomer is composed of three domains : a cofactor-binding domain consisting of residues 5-107 (α1-4), 138-255 (αA-D and βA-E) and 455-474 (β5 and α7) ; a catalytic domain comprising residues 256-454 (αAh-Dh, βAh-Eh, α5-6 and β3-4) and an oligomerization domain made up of residues 108-137 (β1, β2) and 475-508 (β5, β7) ( Figure 1 , top panel). The numbering of the secondary-structure elements follows that described for betaine aldehyde dehydrogenase (ALDH9) [16] . Despite the low sequence similarity and differences in cofactor specificity amongst the family of aldehyde dehydrogenases the structures are all similar.
The N-terminus of the protein comprises 4 α-helices followed by a β-hairpin extension into the oligomerization domain from residues 107 to 138. At residue 138 the chain enters the first strand, βA, of a non-classical α\β Rossmann-type fold where only 5 of the 6 β-strands are present. The last helix, αE of the classical Rossmann fold, is missing in the structure and the last strand, βF, has been replaced by β5.
The catalytic domain adopts an α\β motif similar to that seen in the cofactor-binding domain ; however, a number of insertions are present. The residues comprising α5, β3, β4 and α6 have been inserted between αBh and βCh of the canonical Rossmann fold. A similar insertion has been reported in the structure of ALDH2 [14] , whereas in ALDH9 the above insertion contains an extra helix between strands β3 and β4 [16] . As is observed in the cofactor-binding domain, the αEh helix and βFh strand of the classical Rossmann fold are missing in the substrate-binding domain. Rather, after the βEh strand the chain briefly re-enters the cofactor-binding domain, contributing a strand, β5, and a short α-helix, α7, and finally completes a further two strands in the oligomerization domain.
Aldehyde dehydrogenase from V. har eyi is a homodimer of 110 kDa [32] . In the asymmetric unit of the crystal, the enzyme is arranged as a dimer of dimers. Within a dimer there are extensive intermolecular contacts mainly through the oligomerization domain and residues 235-243 of the αD helix ( Figure  1, bottom panel) . The area on each monomer that is involved in dimer formation is 3500 A / #. The oligomerization domain is composed of a four-stranded mixed β-pleated sheet made up of strands β1, β2, β6 and β7. When viewed as a dimer this sheet structure is part of a larger β-sheet involving the substratebinding domain of the second protomer within the dimer. Intermolecular hydrogen-bonding contacts are made between main-chain atoms from residues 477-481 of the β6 strand in the oligomerization domain of one protomer and residues 432-435 [41] and rendered using Raster 3D [42] .
of the βEh strand in the catalytic domain of the second protomer. These contacts result in the formation of an 11-stranded β-pleated sheet across the dimeric unit.
Other intermolecular contacts important in maintaining the dimeric unit include three salt-bridge interactions : Arg-44-Glu-428, Arg-44-Glu-399 and Arg-47-Glu-427, all between the cofactor-binding domain of one protomer and the catalytic domain of the second protomer. This region forms an electrostatic surface with three arginine residues (Arg-44, Arg-47 and Arg-48) of one protomer packing against three glutamate residues (Glu-399, Glu-427 and Glu-428) of the second protomer.
Interestingly, the α-carbon atom of the final residue (508) in the model of one protomer lies only 5.8 A / from that of the second protomer within a dimer. The sequence of the enzyme extends a further two residues ; however, there is not sufficient electron density to model these final residues. The extension of the last two residues in each monomer would in effect lengthen the chain in order to complete a fifth β-strand in the oligomerization domain. This would result in a 24-stranded β-pleated sheet with 10 strands from the oligomerization domains and 14 strands from the catalytic domains within the dimeric unit.
Of all the structures of aldehyde dehydrogenase known to date, two are dimeric : the V. har eyi enzyme and ALDH3. The structures of the tetrameric forms of aldehyde dehydrogenase all reveal a packing of the three-stranded β-sheet in the oligomerization domain of one monomer with that of a second monomer in the tetramer. In the case of the dimeric proteins a number of structural features preclude the formation of the tetramer. The lack of a tetramer assembly for ALDH3 has been reported to be due to two factors : a rotational movement of the oligomerization domain, and the presence of an extended loop between residues 80 and 96 which would result in a collision with a neighbouring molecule within the tetramer [19] . In the V. har eyi enzyme the rotation of the oligomerization domain is not observed. Superposition of the cofactor-binding domains of aldehyde dehydrogenase shows that only in the case of ALDH3 is Structure of NADP + -dependent aldehyde dehydrogenase the oligomerization domain significantly rotated despite the fact that both ALDH3 and the V. har eyi enzyme are dimeric species. The relative orientation of the oligomerization domain of the V. har eyi enzyme more closely matches that of the tetrameric forms of the protein. In the V. har eyi enzyme a C-terminal extension of residues 481-508 forms a loop around one face of the β-sheet in the oligomerization domain and a fourth β-strand. The formation of a tetramer is not possible due to the presence of this loop since it would cause significant steric clashes between two monomers within the tetramer. Although a C-terminal extension of 22 residues is also seen in the structure of ALDH3 this region of the chain forms a random coil interacting with the catalytic domain of the second subunit within the dimer [15] . Thus in the case of the two dimeric enzymes the C-terminal extensions are structurally very different and play different roles in terms of oligomerization.
NADP + -binding region
In the structure of aldehyde dehydrogenase from V. har eyi reported here we see a well-defined electron density for the ADPP of the cofactor providing us with a clear view of the amino acid residues that interact with the 2h-phosphate of the cofactor. This enables us to compare the important molecular features that dictate cofactor specificity within the aldehyde dehydrogenase family of enzymes. The structure of an NADP + -dependent aldehyde dehydrogenase from S. mutans [19] and comparisons with the known NAD + -dependent forms has suggested key residues which are important for cofactor specificity. These residues include a lysine (Lys-177) which interacts with the 2h-phosphate group of NADP + and a threonine (Thr-180) which, due to its size, provides a pocket in which the phosphate group of NADP + can bind.
In the V. har eyi enzyme we identify a number of key residues involved in interaction with the cofactor important for high cofactor specificity as well as the very low K m seen for NADP + by this enzyme [1] . The guanidinium group of Arg-210 stacks over the adenine ring system of the cofactor, facilitating a pi stacking interaction (Figure 2, top panel) . No other hydrogenbonding interactions are observed between the protein and the adenine ring system of the cofactor. A molecular surface construction of the V. har eyi enzyme reveals a cleft where the cofactor binds (Figure 3a) . The side chain of Arg-210 acts like a ' gate ' holding the adenine ring in place within the cleft. The structures of all other aldehyde dehydrogenases determined lack an arginine at this position and show that the cofactor-binding site lies in an open cleft along one side of the molecule. 
Figure 3 Molecular surface representations of a portion of the cofactorbinding regions for aldehyde dehydrogenase from (a) V. harveyi and (b) S. mutans
The electrostatic potential has been mapped on to the surface between k15.0 kT (deep red) and j15.0 kT (deep blue). The NADP + cofactor is shown in stick representation.
factor, suggest that it may function to significantly improve cofactor affinity and may explain the very low K m observed for NADP + in ALDH from V. har eyi.
Other interactions with the cofactor include extensive interactions with the 2h-phosphate group. Aside from a direct interaction with the hydroxy group of Thr-175, the side chains of Arg-210 and Lys-172 also make hydrogen-bond contacts with the oxygen atoms of the 2h-phosphate group (Figure 2, top  panel) . Other interactions include hydrogen bonds between the pyrophosphate group and the main-chain nitrogen and sidechain hydroxy group of Ser-230 that lies within the fingerprint region of the cofactor-binding domain.
Due to the weak electron density for the nicotinamide and ribose moieties of the NADP + in both the partially bound structure and the holoenzyme complex, we used the cofactor position in the structures of ALDH2 and ALDH9 to aid in modelling this region of the ligand in the V. har eyi enzyme structure. The refined nicotinamide and ribose groups have significantly higher temperature factors than observed for the adenine end of the cofactor, as expected considering the weak electron density for this region of the ligand. The 2h-and 3h-hydroxy groups on the ribose moiety make weak hydrogenbond interactions with the carboxylate group of Glu-377. This glutamate is strictly conserved in all aldehyde dehydrogenases. Mutation of Glu-377 in the V. har eyi enzyme indicates that this residue is not involved in substrate binding or in acylation or deacylation but affects the hydride-transfer step of the reaction [12] . This suggests that the glutamate side chain may be involved in orienting the cofactor correctly for hydride transfer.
A hydrogen bond is observed between the carbonyl oxygen of the nicotinamide moiety of the cofactor and the side chain of His-450 (Figure 2, bottom panel) . The side chain of Cys-289 is positioned near to NC-4 of the nicotinamide ring. In both the holoenzyme and the partially bound structures the electron density in the vicinity of the cysteine side chain indicates a possible alternate conformation. The modelled cysteine side chain (χ " l 51m) places the thiol group within hydrogen-bonding distance of the amide oxygen atom of the nicotinamide moiety and close to the side chain of His-450. The alternate conformation (χ " $ k60 m) would position the thiol group within hydrogenbonding distance of the side chain of Asn-147. The temperature factor of the cysteine sulphur atom is 28 A / #, significantly higher than the side chains of other residues in the immediate vicinity of Cys-289. This further suggests an increased mobility for this side chain.
A conserved basic residue, Glu-253, is positioned in the structure on the opposite face of the nicotinamide ring to that of Cys-289. This residue has been implicated as the base responsible for proton abstraction from Cys-289. However, in all reported structures of aldehyde dehydrogenase, this residue is positioned too far away from the cysteine side chain to abstract the thiol proton directly. Indeed, in the structure of V. har eyi aldehyde dehydrogenase we also found the glutamate side chain over 8 A / away from Cys-289. In both the partially bound structure and the fully bound complex the electron density for the glutamate side chain is weak and the temperature factors are significantly higher than for other surrounding residues. This suggests that the glutamate side chain is flexible, similar to what has been observed for the side chain of Cys-289. In addition, comparison of the known structures of ALDH indicates that there is flexibility of the nicotinamide and ribose moieties. This conclusion has been made on the basis of the fact that in all aldehyde dehydrogenase structures the nicotinamide and ribose moieties are poorly defined in the electron density, and have high atomic temperature factors. Furthermore, the structure of ALDH1 is reported to have two conformations for the nicotinamide and ribose moieties of the NAD + cofactor [17] . One conformation is similar to the cofactor positions in ALDH2, ALDH9 and the S. mutans enzyme. The second conformation is more similar to that found in ALDH3 where the position of the nicotinamide ring is drawn back into the binding cleft and corresponds more closely to that of the ribose ring in ALDH2, ALDH3 and V. har eyi structures.
DISCUSSION
Structural comparisons with other forms of aldehyde dehydrogenase
Aldehyde dehydrogenase from V. har eyi differs from other forms of the enzyme due to its unique specificity and high affinity for NADP + . A structure determination of this NADP + -specific enzyme provides a basis for understanding the molecular features that control co-enzyme specificity and affinity.
Structural comparisons of the V. har eyi enzyme with NAD + -and NADP + -specific aldehyde dehydrogenases and with other NADP + -specific enzymes have been carried out. Differences in the co-enzyme-protein interactions are observed in the region of the 2h-phosphate group and these interactions have been compared with other aldehyde dehydrogenase enzymes and with a number of NADP + -specific enzymes. In the NADP + -specific aldehyde dehydrogenase from V. har eyi we observe two positively charged residues, Lys-172 and Arg-210, and one neutral residue, Thr-175, involved in hydrogen-bonding interactions with the 2h-phosphate group of the cofactor (Figure 2, top  panel) . Lys-172 is conserved amongst all aldehyde dehydrogenases and, in ALDH1, ALDH2 and ALDH9, the side chain makes a hydrogen-bond interaction with the 2h-and 3h-hydroxy groups of the NAD + cofactor. In ALDH3 these interactions are not observed due to the altered binding mode of the cofactor. In aldehyde dehydrogenase from S. mutans the conserved lysine residue makes hydrogen-bond contacts with the 2h-phosphate group as well as the main-chain oxygen atoms of Pro-178 and Gly-208. In the V. har eyi enzyme the hydrogen bond to O-Gly-173 (structurally equivalent position to Gly-208 in the S. mutans enzyme) is replaced by a hydrogen bond to a water molecule. This is due to the fact that the main chain in the loop regions from residue 206 to 211 in the V. har eyi structure have moved away from the ligand as compared with the identical region of the chain in the other aldehyde dehydrogenase structures. In contrast to the lysine residue, Thr-175 is unique to the NADP + -specific forms of aldehyde dehydrogenase. In the NAD + -specific enzymes the equivalent residues at this position are Glu-195 (ALDH1 and ALDH2), Glu-140 (ALDH3) and Pro-168 (ALDH9). The glutamate side chains contact the 2h-and 3h-hydroxy groups on the adenosyl ribose ring of the NAD + cofactor. This acidic residue is reported to be part of the consensus sequence for NAD + -binding proteins [33] . The adoption of a residue with a shorter side chain as well as a hydrogen-bond donor at this position of the NADP + -preferring enzymes appears to avoid the possible steric hindrance and electrostatic repulsion with the 2h-phosphate oxygen group. Mutation of this residue to glutamate dramatically increases the K m for NADP + and reduces the K m for NAD + [34] . The arginine residue (Arg-210) is unique for the V. har eyi form of aldehyde dehydrogenase and its position over the adenine ring of the cofactor promotes pi stacking interactions between the two moieties. The guanidinium group of Arg-210 is also involved in a hydrogen-bond interaction with the 2h-phosphate group of the NADP + cofactor. The S. mutans structure does not have an arginine residue at the identical position. In addition, the K m for NADP + in aldehyde dehydrogenase from S. mutans is 24.5 µm [4] , significantly higher than that observed for the V. har eyi enzyme, 1.4 µm [1] . Thus the enhanced affinity for NADP + in the V. har eyi enzyme is correlated with the added pi stacking and hydrogen-bonding interactions between the cofactor and Arg-210. The presence of Lys-172 and Thr-175 provides cofactor specificity and Arg-210 contributes to high cofactor affinity. From this analysis we conclude that in the V. har eyi enzyme, Arg-210 is important for both NADP + specificity and high cofactor affinity through : (i) electrostatic interaction with the 2h-phosphate group of the NADP + cofactor and (ii) pi stacking interaction between the adenine ring system and the guanidinium side chain of the arginine residue. Furthermore, in the case of NADP + -dependent aldehyde dehydrogenases, the side chain of Thr-175 is also critical for cofactor specificity since it makes an important hydrogen bond with the 2h-phosphate group. The lysine residue appears to play a more important role in interaction with the 3h-hydroxy group of the cofactor since it is observed in both the NAD + -and NADP + -specific forms of ALDH and is not structurally conserved in other NADP + -specific enzymes.
The pyrophosphate group of NADP + in the V. har eyi enzyme makes contact with the loop region between βD and αD. This is in contrast to what has been observed in the canonical nucleotidebinding proteins where the pyrophosphate group contacts the loop between βA and αA and the consensus sequence consists of GXGXXG. In the V. har eyi enzyme the sequence in this loop region (229-234) is different from that of the consensus ; however, it is rich in glycines (GSVGGG), therefore facilitating contact between the negatively charged phosphate group and the Nterminal region of helix αD. Thus the negatively charged phosphate oxygen atoms are stabilized by the helix dipole [35] .
Catalytic mechanism
In aldehyde dehyrogenase, the mechanism of catalysis involves the formation of an acyl enzyme intermediate upon attack of the carbonyl carbon of the aldehyde substrate by a cysteine residue in the active site. The intermediate then undergoes hydride transfer followed by deacylation. The active site consists of a funnel that extends from the surface of the enzyme to Cys-289, the active-site nucleophile. The side chain of Cys-289 is positioned in a hydrophobic pocket bounded by Phe-148, Phe-152, Phe-288, Phe-379, Leu-405 and Thr-290. Interestingly, in one conformation, the cysteine side chain makes close contact with the imidazole ring of His-450 and, in the second conformation, the cysteine side chain contacts Asn-147. All the residues, with the exception of His-450, are either completely conserved or similar within the family ; the equivalent position to His-450 is a phenylalanine in the other aldehyde dehydrogenase structures.
The mechanism of catalysis calls for a basic residue to extract the proton from Cys-289 in order to increase its nucleophilicity for attack at the carbonyl carbon of the aldehyde substrate to form the hemithioacetal intermediate. Upon hydride transfer to the NAD(P) + cofactor a thioacylenzyme intermediate is formed. Finally this intermediate is hydrolysed through a baseactivated water molecule. On the basis of sequence similarity and mutagenesis experiments, the residue implicated to activate the thiolate is a glutamate and corresponds to Glu-253 in the V. har eyi enzyme [11, 12, 36] . Structural studies of all aldehyde dehydrogenases, however, have shown that this glutamate side chain is too far away to act directly as a base. In the case of the V. har eyi enzyme, the side chain of Glu-253 is located 8.7 A / from that of Cys-289. Furthermore, the glutamate side chain is shielded from the cysteine residue by the nicotinamide ring of the cofactor. This suggests either that this glutamate is not directly involved in activation of the reactive cysteine or that its basic function is mediated either through another residue or through a water molecule and that the nicotinamide ring of the cofactor must move into position near the cysteine side chain only after proton abstraction occurs. This potential movement in the nicotinamide position may explain the poor density observed for this portion of the cofactor. The structures of ALDH2, ALDH3 and ALDH9 were all determined in the presence of NAD + ; however, the temperature-factor refinement for the cofactor differed in each case. For ALDH2 and ALDH9 the cofactor underwent group temperature-factor refinement ; for ALDH9 the refined temperature factor for the cofactor was reported to be 61.7 A / #, indicating a high degree of mobility. In the case of ALDH1 the cofactor underwent individual temperature-factor refinement. Finally for aldehyde dehydrogenase from S. mutans the cofactor is well refined and has relatively low temperature factors. In our refined model of the holoenzyme, individual temperature-factor refinement was also carried out. Analysis of the NADP + ligand reveals that for both ALDH1 and the V. har eyi enzyme the individual atomic temperature factors for the nicotinamide portion of the cofactor are significantly higher than those of the adenine and adenosyl ribose moieties. This observation, as well as the poorly defined electron density for the nicotinamide moiety, indicates that the nicotinamide portion of the ligand may be highly mobile. These results further support the suggestion made by Moore et al. [17] that the nicotinamide and ribose portions of the ligand undergo a conformational change. Furthermore, recent tryptophan fluorescence studies by Marchal and Branlant have shown that the enzyme from S. mutans undergoes a conformational change upon cofactor binding [4] . Further analysis of key active-site residues (Glu-253 and Cys-289) also indicates a high degree of mobility, suggesting that these side chains may move significantly in a concerted fashion to the movement of the nicotinamide ring. The cofactor may be positioned away from the active-site cysteine residue in order to facilitate proton abstraction by Glu-253 (possibly mediated through a water molecule), and then move into position near to the cysteine residue upon formation of the thiohemiacetal intermediate in order to allow hydride transfer to occur.
As an alternative to the proposed role of Glu-253 in thiolate activation we observe a histidine residue (His-450) in close proximity to the reactive cysteine group (Figure 2 , bottom panel). Although this histidine is not observed in the other aldehyde dehydrogenase structures (a phenylalanine is seen at the identical position in other aldehyde dehydrogenases) it is seen in the structure of phosphorylating glyceraldehyde-3-phosphate dehydrogenase [37] . In this enzyme the histidine residue (His-176) is the base activating the cysteine (Cys-149) for nucleophilic attack [38] . Although the V. har eyi enzyme is not known to be a phosphorylating aldehyde dehydrogenase it may be that the mechanism of cysteine activation is similar for the two enzymes and thus different from other forms of aldehyde dehydrogenase. Mutagenesis and kinetic analysis of this histidine residue will confirm its catalytic role.
Positioning of a substrate molecule into the holoenzyme near to Cys-289 places the carbonyl oxygen of the aldehyde substrate within hydrogen-bonding distance of the amide group of Asn-147. This residue is conserved amongst the structures of aldehyde dehydrogenases determined so far. Indeed, amino acid alignments of 145 aldehyde dehydrogenase-related enzymes show that this residue is conserved in 143 cases [39] . This structural and sequence conservation indicates that the asparagine residue has a critical role to play in the enzyme mechanism and its position suggests that it may act to stabilize the oxyanion formed upon nucleophilic attack of the substrate [14] . Interestingly the density for the alternative conformation of the cysteine side chain places the sulphur within hydrogen-bonding distance of the amide nitrogen of Asn-147. This suggests that, in the absence of the aldehyde substrate, the thiolate may be stabilized by the amide group of Asn-147.
Further structural analysis of the ternary complex model suggests that the hydride transfer would occur on to the A-face of the nicotinamide ring, as has also been suggested for ALDH2 [14] and ALDH9 [16] on the basis of structural interpretation. This supports the stereospecificity studies carried out on different isozymes of aldehyde dehyrogenase enzyme which have shown that the hydride transfer does occur on to the A-face of the nicotinamide ring [40] . Further studies to test the model await structural characterization of the ternary complex of aldehyde dehyrogenase-NADP + -substrate.
In summary, we have determined the first crystal structure of an NADP + -specific form of aldehyde dehydrogenase in the presence of the cofactor. The structure adopts a non-classical α\β Rossmann fold similar to that observed in other aldehyde dehydrogenase structures. A comparison with the NAD + -specific forms of the enzyme reveals important features that mediate cofactor specificity as well as high affinity. The residues implicated in cofactor binding and in the catalytic mechanism will be tested further by mutagenesis, kinetic and structural analyses.
